. bjerg et al. 1991; Partin et al. 1993; Werner et al. 1991) AMPA-preferring receptors mediate excitatory synaptic inputs to mediate excitatory synaptic inputs to ganglion cells. Recent retinal ganglion cells. J. Neurophysiol. 77: 57-64, 1997. Pharma-in situ hybridization (Hamassaki-Britto et al. 1993; Hughes cological studies were performed to determine whether a-amino-et al. 1992; Muller et al. 1992) and immunocytochemical 3-hydroxy-5-methyl-4-isoazoleprionic acid (AMPA)-and/or kai-localization studies (Morigiwa et al. 1995; Peng et al. 1995) nate (KA)-preferring receptors mediate excitatory synaptic inputs have shown that mRNAs and proteins for both AMPA-and The present work was undertaken to determine the relative GYKI-53665 had IC 50 values of 0.7 mM for both the light-and puff evoked responses. KA activates both KA-and AMPA-preferring contributions that these two receptor subtypes make to ganreceptors. KA-evoked currents were completely blocked by 10-glion cell excitatory postsynaptic currents (EPSCs).
Recent work has shown that the 2,3 benzodiazepines current was mediated by KA-preferring receptors. Concanavalin GYKI-52466 and GYKI-53665 selectively antagonize re-A, a compound that preferentially potentiates responses mediated sponses mediated by AMPA-preferring receptors but not reby KA-preferring receptors, did not enhance either EPSCs or gluta-sponses mediated by KA-preferring receptors (Paternain et mate-evoked responses. By contrast, cyclothiazide, which selec-al. Renard et al. 1995; Wilding and Huettner 1995) .
tively enhances AMPA-preferring receptor mediated responses, These compounds now make it possible to separate the KAwas found to enhance both EPSCs and glutamate-evoked currents.
preferring from the AMPA-preferring components of the Our results indicate that the non-NMDA component of ganglion excitatory responses. Our results indicate that AMPA-prefercell EPSCs is mediated by AMPA-preferring receptors and not significantly by KA-preferring receptors. ring receptors underlie most of the AMPA/KA component of ON-OFF ganglion cell excitatory synaptic responses.
I N T R O D U C T I O N M E T H O D S
Whole cell patch recording in tiger salamander retinal Glutamate is the major excitatory transmitter in the verteslices brate retina. It is the transmitter used by bipolar cells (Ehinger et al. 1988; Marc et al. 1990 ), the cells that provide Whole cell patch recordings (Hammill et al. 1981) were made the major excitatory input to retinal ganglion cells. The excit-primarily from ON-OFF ganglion cells in retinal slice preparations atory synaptic inputs to ganglion cells have been shown to (Werblin 1978) . The recording procedures have been described in detail elsewhere (Barnes and Werblin 1986, 1987; Lukasiewicz be mediated by both a-amino-3-hydroxy-5-methyl-4-isoazoand Roeder 1995; Lukasiewicz and Werblin 1994) . Tiger salamanleprionic acid/kainate (AMPA/KA) and N-methyl-D-asparders were obtained from the Charles D. Sullivan Company (Nashtate (NMDA) glutamate receptors in every vertebrate retina ville, TN) and kept in a cold room at 5ЊC on a 12 h light/12-h examined (Boos et al. 1990; Cohen and Miller 1994; Dia- dark luminance cycle. mond and Copenhagen 1993; Lukasiewicz and McReynolds 1985; Massey and Miller 1988, 1990; Mittman et al. 1990) .
Electrode and bathing solutions It is not known whether AMPA-preferring receptors (Boulter et al. 1990; Keinänen et al. 1990; Partin et al. 1993 ) and/ The intracellular electrode solution (Mittman et al. 1990 ) consisted of (in mM) 90.5 cesium fluoride, 3.4 sodium chloride, 0.4 or KA-preferring receptors (Bettler et al. 1990 (Bettler et al. , 1992 ; Ege-magnesium chloride, 0.4 calcium chloride, 11 ethylene glycol-as described by Fenwick et al. (1982) . They were typically 06 mV for the cesium fluoride (CsF) electrode solution. bis ( b-aminoethyl ether ) -N,N,N ,N -tetraacetic acid, and 10 sodium N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid (HEPES); adjusted to pH 7.7 with cesium hydroxide. Fluoride greatly enhanced the probability of obtaining high-quality seals Cell identification and had no effect on ganglion cell EPSCs recorded in control bathing solution (Diamond and Copenhagen 1993; Lukasiewicz In the slice preparation, ganglion cells were identified by their and Werblin 1994; Mittman et al. 1990 ). Similar results were characteristic current responses to light stimuli (Mittman et al. obtained when either cesium chloride or cesium gluconate were 1990). More than 90% of ganglion cells recorded in the slice substituted for cesium fluoride. The bathing medium (salamander preparation were ON-OFF cells that responded with transient EPSCs Ringer) contained (in mM) 112 sodium chloride, 2 potassium at light onset and offset. The remaining cells were ON cells that chloride, 2 calcium chloride, 1 magnesium chloride, 5 glucose, responded with a sustained EPSC to the light stimulus. Almost all and 5 HEPES; adjusted to pH 7.8 with NaOH. Unless otherwise of the results reported here were obtained from ON-OFF ganglion indicated, all chemicals were obtained from Sigma Chemical (St. cells. Some cells were stained by including Lucifer yellow CH Louis, MO). AMPA, GYKI-52466 [1-(4-aminophenyl)-4-methyl-(0.25%) (Aldrich Chemicals, Milwaukee, WI) in the electrode 7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride ] , 6-(Stewart 1978). The light responses of the stained cells were correcyano-7-nitroquinoxaline-2,3-dione, and the NMDA receptor an-lated with the ramification of their dendrites at different depths in tagonists D-2-amino-5-phosphonopentanoic acid (D-AP5) and the inner plexiform layer (IPL) (Famiglietti et al. 1977 ; Nelson et ({)-2-amino-7-phosphonoheptanoic acid (AP7), were obtained al. 1978). Cells and processes were viewed using a Nikon mercury from Research Biochemicals International (Natick, MA). 6-Nitro-fluorescent epiilluminator with an Omega Optical XF15 filter set 7-sulphamoylbenzo(f )quinoxaline-2,3-dione was obtained from (Brattleboro, VT). Tocris Cookson (St. Louis, MO). GYKI-53665 [1-(4-aminophenyl)-3-methylcarbamyl-4 -methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine] and cyclothiazide were kindly Recording system provided by Eli Lilly (Indianapolis, IN). Experiments were performed at room temperature (19-22ЊC).
The microscope system and patch-clamp apparatus used for this The control bathing solution used in our slice experiments was study were described in Lukasiewicz and Roeder (1995) . Elecformulated to pharmacologically isolate the AMPA/KA receptor trodes were pulled from borosilicate glass (TW150F-4, W.P.I., component of ganglion cell EPSCs. GABAergic and glycinergic Sarasota, FL) with a Sachs-Flaming puller (Sutter Instruments, inhibitory synaptic inputs were blocked with picrotoxin (150 mM) Novato, CA) and had measured resistances of õ5 MV. The meaand strychnine (2 mM), respectively, and NMDA-receptor-medi-sured series resistances were typically 15-25 MV. The magnitude ated inputs were blocked with either D-AP5 or AP7 (50 mM) of the series resistance compensation, read off of the Dagan 3900A (Belgum et al. 1984; Diamond and Copenhagen 1993 ; Mittman et compensation counting dial, was 5-10 MV. Pclamp software al. 1990 ). Voltage-gated sodium currents were blocked by includ-(Axon Instruments, Foster City, CA) was used to generate voltage ing 0.5 mM tetrodotoxin in the bath, and voltage-gated potassium command outputs, acquire data and trigger the Picospritzer. The currents were blocked by including cesium in the recording elec-data were digitized and stored with a 33-MHz 386-PC using a trodes (Lukasiewicz and Werblin 1988) . Antagonists and modula-Labmaster DMA data acquisition board (Scientific Solutions, Sotors were applied locally over a relatively large area of the slice lon, OH). Responses were filtered at 2 kHz with the four pole under study (several millimeters in width) by a gravity-driven Bessel low pass filter on the Dagan 3900A and sampled at 100 superfusion system as described previously (Lukasiewicz and Hz. Data were analyzed using Clampan (Axon Instruments). The Roeder 1995; Lukasiewicz et al. 1995) .
experimental concentration-response curves were fitted by the Sigma Plot (San Rafael, CA) nonlinear regression algorithm to
Puffing agonists or potassium onto ganglion cell and
Eq. 1
bipolar cell dendrites
Glutamate agonists were puffed onto the cell bodies and/or
dendrites of ganglion cells in the slice preparation with a Picospritzer (General Valve, Fairfield, NJ). Synaptically driven responses in ganglion cells were elicited by puffing potassium chloride (KCl) (114 mM) through pipettes with 1 mM diameter tips where a is the asymptotic maximum, b is the slope parameter, c onto bipolar cell dendrites (Lukasiewicz and Werblin 1994) . The is the asymptotic minimum and IC 50 is the antagonist concentration pipette solution consisted of salamander Ringer where sodium was that reduced I to one-half of I max . Results are expressed as replaced with potassium. The details of this methodology are de-means { SD. scribed in Lukasiewicz and Roeder (1995) .
Light stimulation R E S U L T S
The light stimulus apparatus and procedures were identical to those described previously (Lukasiewicz and Roeder 1995; Luka- To determine the effects of the 2,3 benzodiazepines on siewicz et al. 1995) . Briefly, the light source was a tungsten halo-ganglion cell EPSCs, excitatory synaptic inputs were evoked gen lamp (20 W) (Ealing Electro-Optics, Holliston, MA). Fullby puffing potassium onto bipolar cells. Because AMPA/ field, white light stimuli were used. The intensity of the unattenu-KA receptors also are present in the outer plexiform layer, ated light stimulus was equivalent to 3.6 1 10 16 quanta/cm 2 /s of these receptors were bypassed by depolarizing bipolar cells a monochromatic light of 500 nm.
directly with potassium puffs (Lukasiewicz et al. 1995) .
Liquid junction potential correction
Similar responses were observed in ganglion cells by depolarizing bipolar cell somas directly with extracellular stimu- Figure 1A shows a family of AMPA/KA receptor-medi-light responses. Because AMPA/KA receptors are present on OFF, but not ON, bipolar cell dendrites (Nawy and Jahr ated excitatory synaptic currents recorded in the absence and presence of increasing concentrations of GYKI-52466. 1990 GYKI-52466. , 1991 Slaughter and Miller 1983a,b) , the actions of the GYKI compounds were assessed only for the ganglion NMDA, GABA and glycine receptors were blocked pharmacologically as described in Methods. GYKI-52466 decreased cell ON, light-evoked EPSCs. Figure 2A shows that the amplitude of the AMPA/KA the amplitude of the EPSCs in a concentration-dependent manner. The response was blocked by 30 mM GYKI-52466 component of the ON, light-evoked EPSC was reduced by GYKI-53665 in a concentration-dependent manner. The in this cell. Similar results were obtained with the more potent GYKI-53665.
NMDA-receptor-mediated component of the response and the inhibitory synaptic inputs were blocked as described The results obtained with GYKI-52466 and GYKI-53665 are summarized in the concentration-response curves illus-above. The light stimuli used were relatively bright and were adjusted to elicit the largest light-evoked EPSCs without trated in Fig. 1B . The mean peak currents are plotted as a function of log concentration of either GYKI-53665 (᭺) causing the attenuation of subsequent responses. The amplitude of the response was reduced by ú95% by 10 mM and or GYKI-52466 (q). Both compounds reduced the peak amplitude of the EPSCs in a concentration-dependent man-completely blocked by 40 mM GYKI-53665. The mean amplitudes for a population of ganglion cells are plotted versus ner. The solid lines are the best nonlinear regression fits to Eq. 1. The mean IC 50 value for GYKI-52466 was 4.2 mM log GYKI concentration in Fig. 2B . The solid lines are the best non-linear regression fits to Eq. 1. The IC 50 values whereas the mean IC 50 value for the more potent GYKI-53665 was 0.7 mM. These values are similar to those reported determined from the fits were 0.7 mM for GYKI-53665 and 3.6 mM for the less-potent GYKI-52466. The effectiveness by Wilding and Huettner (1995) for AMPA-preferring receptors on dissociated rat cortical neurons.
of the GYKI compounds in reducing the light-evoked ON EPSCs was almost identical to their effectiveness in reducing the potassium puff-evoked EPSCs.
Light-evoked, ON EPSCs were blocked by GYKI
Spontaneous, AMPA/KA receptor-mediated EPSCs also compounds were blocked by GYKI-53665. Figure 2C shows an example of spontaneous EPSCs recorded from an ON, ganglion cell. To determine whether or not AMPA-preferring receptors
The spontaneous EPSCs were blocked completely and remediated the AMPA/KA component of the light-evoked versibly by 40 mM GYKI-53665, indicating that they were EPSCs, we determined the GYKI compounds' effectiveness mediated primarily by AMPA-preferring receptors. in inhibiting the ON component of the ON-OFF ganglion cell
KA-evoked currents were reduced by GYKI-53665
The actions of the potent and selective GYKI compound 53665 on the potassium puff-evoked, light-evoked and spontaneous ganglion cell EPSCs indicate that AMPA-preferring receptors mediated most of the AMPA/KA receptor component of the responses. To determine whether KA-preferring receptors played some role in mediating the AMPA/KA receptor component of the ganglion cell responses, we tested the ability of GYKI-53665 to reduce KA-evoked currents in ganglion cells. Because KA activates both KA-and AMPApreferring receptors, any GYKI-resistant current would indicate the presence of KA-preferring receptors. To rule out any (1995) , we found that 10 mM GYKI-53665 produced ú90% noic acid (AP7) in bath in this and in subsequent figures. Time course of block. The KA current in this cell was blocked almost compuff is indicated by bar above current traces. Current responses in this and pletely by 40 mM GYKI-53665 indicating that the response was in subsequent figures represent average of 2-5 responses and have been mediated almost exclusively by AMPA-preferring receptors.
leak-subtracted. B: concentration-response curves for GYKI-52466 and 1-Similarly, both AMPA-(n Å 5) and glutamate-evoked (n Å (4-aminophenyl)-3-methylcarbamyl-4-methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine (GYKI-53665). Points are normalized, peak 6) currents (1-mM pipette concentrations) were completely amplitudes plotted vs. log [GYKI] . GYKI-53665 ( n Å 6) was Ç6 times suppressed by 40 mM GYKI-53665 (not shown). NMDA remore effective than GYKI-52466 (n Å 4). As described in METHODS, solid ceptors were blocked by 50 mM D-AP5 when glutamate was lines are best, nonlinear regression fits to Eq. 1, in this and subsequent puffed. In Fig. 3B a concentration- We demonstrated potent inhibition by GYKI-53665 when ganglion cells were voltage clamped to 070 mV. For GYKI-53665 to be an effective tool to study ganglion cell voltage responses and other aspects of retinal function, its inhibitory actions should be independent of membrane potential. The voltage dependency of GYKI-53665 inhibition was tested as illustrated in Fig. 4 . A family of KA-evoked currents obtained when the cell was clamped to a series of holding potentials, ranging from 060 to /30 mV, is shown in Fig.  4A . The peak current responses plotted as a function of holding potential in Fig. 4C (q) indicate that the KA-evoked currents reversed polarity near 0 mV. When 40 mM GYKI-53665 was added to the bath, the KA-evoked currents were blocked at both negative and positive holding potentials (Fig. 4, B and C, ) . After washing out the GYKI-53665, the cell's responsiveness to KA recovered (Fig. 4C, ᭺) . Similar results were seen in five additional cells. These data indicate that inhibition of ganglion cell AMPA-preferring receptors by GYKI-53665 is independent of holding potential, in agreement with similar studies on isolated cortical neurons (Wilding and Huettner 1995) .
K/ puff-and light-evoked EPSCs were enhanced by cyclothiazide, but not concanavalin A
Concanavalin A has been shown to be more effective in potentiating responses mediated by KA-preferring receptors than in potentiating responses mediated by AMPA-preferring receptors (Huettner 1990; Partin et al. 1993; Wong and Mayer 1993) An example of the effects of concanavalin A (300 mg/ml) Time course of light stimulus is indicated by bar above current traces. on ganglion cell EPSCs is shown in Fig. 5 . The current Intensity of light stimulus was attenuated by 3.4 log units. B: concentration-traces in Fig. 5A illustrate responses to puffs of potassium response curves for GYKI-52466 and GYKI-53665. Points are normalized, onto bipolar cells whereas the current traces in Fig. 5B illuspeak amplitudes plotted vs. log [GYKI] . GYKI-53665 (n Å 4) was Ç5 trate light-elicited EPSCs at light onset and at light offset. times more effective than GYKI-52466 (n Å 7). IC 50 values were 3.6 and 0.7 mM for GYKI-52466 and GYKI-53665, respectively. C: AMPA/KAreceptor-mediated spontaneous EPSCs (Control) were blocked completely by 40 mM GYKI-536656 (labeled GYKI-53665). Each set of responses represents 7, consecutively recorded, superimposed current traces that were filtered at 5 kHz and sampled at 2.5 kHz. This was an ON cell that was voltage clamped to 075 mV. centration of GYKI-53665. The IC 50 value for GYKI-53665 inhibition of the KA-evoked currents was 0.6 mM, which is similar to the values reported above for the GYKI-53665 inhibition of AMPA/KA component of the ganglion cell EPSCs.
Desensitization of KA-preferring receptors (Huettner 1990 ) during KA puffs probably did not account for our inability to observe GYKI-resistant, KA-receptor-mediated currents. Pretreatment (10-30 min) with concanavalin A, in the presence of concanavalin A (1.2 { 1.4% of control, clamped to 070 mV. B: concentration-response function for peak KA ren Å 6), indicating that these currents were mediated primar-sponse amplitudes plotted vs. log [GYKI] (n Å 7). IC 50 value was 0.6 mM.
Little or no GYKI-resistant kainate current was seen with 10 and 40 mM.
ily by AMPA-preferring receptors. 
Glutamate-evoked currents were not enhanced by concanavalin A
Concanavalin A did not enhance ganglion cell EPSCs. This may have been because there were few KA-preferring receptors present or because concanavalin A acted presynaptically to reduce synaptic transmission (Mayer and Vyklicky 1989; Shinozaki and Ishida 1979) . To control for the latter possibility, we tested the effectiveness of concanavalin A when synaptic transmission was bypassed by puffing glutamate directly onto ganglion cell dendrites. Figure 6A shows that concanavalin A did not enhance the glutamate current recorded in this ganglion cell. In contrast, cyclothiazide did enhance the glutamate current recorded in the same cell. Figure 6B shows that amplitude of the glutamate current recorded in the presence of concanavalin A was not significantly different from the control current amplitude. Cyclothiazide, however, enhanced the amplitude of the glutamate currents on average fourfold. These data indicate that little of the glutamate-evoked current was mediated by KA-preferring receptors.
D I S C U S S I O N
Our results indicate that the AMPA/KA receptor component of ganglion cell EPSCs is mediated primarily by   FIG . 4 . Inhibition by GYKI-53665 is not voltage dependent. A: currents evoked by puffing KA (500mM pipette concentration) at inner plexiform layer when ganglion cell was clamped to 060, 045, 030, 015, 0, 15, and 30 mV (bottom to top traces). Synaptic transmission was blocked by including 100 mM cadmium chloride in bath. B: KA currents were blocked at all holding potentials by 40 mM GYKI-53665. Ganglion cell was clamped to same potentials as in A. C: current-voltage relationships in absence (q) and presence () of 40 mM GYKI-53665. GYKI blocked KA-evoked currents at all holding potentials. After washing, cell's responsiveness to KA recovered (᭺).
The AMPA/KA receptor components of the responses were isolated as described above. Pyruvate was substituted for glucose in the bath because glucose can bind to concanavalin A, reducing its effectiveness (Goldstein et al. 1965; Mayer and Vlklicky 1989; Thio et al. 1993) . It was found that the area of the EPSC waveform (the integral of the EPSC over time) was a more sensitive measure of the effect of concanavalin A than was the peak amplitude of the waveform. In the cells illustrated, concanavalin A slightly reduced the integrals of the EPSCs for both the potassium puff-and light-evoked EPSCs. Our studies with the GYKI compounds indicate that KApreferring receptors play little or no role in mediating ganglion cell EPSCs. The GYKI compounds have been shown to be very selective for AMPA-preferring receptors (Paternain et al. 1995; Renard et al. 1995; Wilding and Huettner 1995) . In rat cerebellar Purkinje (Renard et al. 1995) and hippocampal (Paternain et al. 1995) (Huettner 1990; Partin et al. 1993; Wong and Mayer 1993) did not enhance either the AMPA/KA-recep-effect could account for the reductions in ganglion cell synaptic responses that we observed. Thio et al. (1993) showed tor-mediated component of the EPSCs or the glutamateevoked currents. However, cyclothiazide, which potentiates that concanavalin A increased the mean EPSC amplitude by 30% in rat hippocampal neurons. In two ganglion cells, responses mediated by AMPA-preferring receptors (Partin et al. 1993; Wong and Mayer 1993) , enhanced the responses concanavalin A produced about a 10% enhancement of the integrated synaptic current responses. These enhancements measured in the same ganglion cells, as previously reported (Lukasiewicz et al. 1995) . Taken together, these results indi-may have been due to the weak potentiating effects of concanavalin A on AMPA-preferring receptors (Partin et al 1993; cate that retinal ganglion cells, like cortical and hippocampal neurons, utilize mainly AMPA-preferring and few, if any, Wong and Mayer 1993). In addition to its postsynaptic effects on AMPA-preferring receptors, cyclothiazide also has KA-preferring receptors to mediate AMPA/KA receptor synaptic responses. been shown to enhance transmitter release from dissociated CA1 hippocampal neurons (Diamond and Jahr 1995) . AlEarlier work has suggested that much of the AMPA/KA receptor component of excitatory synaptic inputs to retinal though cyclothiazide has a potent postsynaptic effect on retinal ganglion cells (Lukasiewicz et al. 1995) , we cannot rule ganglion cells was mediated by KA-preferring receptors (Coleman et al. 1986; Massey and Miller 1988) . These con-out an additional presynaptic component of cyclothiazide action because its effect on transmitter release from retinal clusions were based on the observations that kynurenate reduced both excitatory synaptic inputs and KA-evoked re-neurons is presently unknown.
Recent molecular cloning studies have demonstrated a sponses but was less effective in reducing quisqualate-and AMPA-evoked (Massey and Miller 1988) responses. How-variety of non-NMDA, ionotropic, glutamate receptor subunits; AMPA-preferring receptor subunits include GluR1-ever, these studies were carried out before our knowledge of distinct KA and AMPA receptors, before it was known 4, whereas kainate-preferring subunits include GluR5-7 (Seeburg 1993) . The distribution of glutamate receptor subthat quisqualate acts at both AMPA and metabotropic receptors, and before it was known that KA activates both AMPA-units in salamander retinal ganglion cells is presently unknown. However, several studies have shown the expression and KA-preferring receptors. Given our current knowledge, kynurenate is probably not a selective KA-preferring recep-patterns for ionotropic glutamate receptor subunits in mammalian retinal ganglion cell layer (GCL) (Hamassaki-Britto tor antagonist because it has been shown to reduce excitatory responses both in DRG neurons, which have mainly KA-et al. 1993; Hughes et al. 1992; Muller et al. 1992) . Labeling by probes for GluR1-7 was seen in the GCL. Although preferring receptors, and in hippocampal neurons, which have predominantly AMPA-preferring receptors (Evans et ganglion cells and displaced amacrine cells were not distinguished in these studies, the possibility exists that subunits al. 1987 ; Huettner 1990; Robinson et al. 1984) .
